There are many processes the oil industry used to recover more oil from the reservoir after the natural energy is depleted. In this research work, ultrasound energy has been tested as a method of improving oil recovery after waterflooding. The method used in this research work was a numerical simulation using MATLAB Reservoir Simulation Toolbox (MRST-2017a). Ultrasound energy source equation was incorporated into the residual energy equation in the MRST. Acoustic attenuation pressure equation was modelled as part of the residual pressure equation in the MRST. Effect of ultrasound waves on pore wall deformation was also modelled from waves stress equation. Two-phase (oil/water) black oil model was used to simulate fluid flow. Results obtained from the simulation runs show that the ultrasound energy has an impact on reservoir performance i.e. increase in fluid flowrates and pore pressure and temperature rise which led to oil viscosity reduction and consequently improve mobility ratio. However, attenuation of ultrasound energy increases with propagation distance, but this effect was compensated by increasing the intensity of the ultrasound power. Though, high power intensity induced stress on the reservoir pore throat. Results obtained also show that high porosity and permeability values affect the performance of the acoustic energy basically due to an increase in the rate of waves absorption.
INTRODUCTION
Recovering a substantial part of oil reserve has become a great challenge to the oil industry. There are many research works on improving the recovery factor of reservoir oil. Most methods of improving oil recovery factor presently used by industries are associated with some challenges and limitations. However, many researchers have been making efforts to address those challenges and limitations.
The quest by researchers to develop more effective, efficient and economical ways of improving oil recovery has led to the invention and innovation of various techniques of enhancing reservoir oil production. After the natural energy locked up in the reservoir (in-situ energy) is depleted, the common practice by E&P operators to augment the primary energy is pressure maintenance, which is basically water injection or gas injection. General practice is; water is injected through injection well(s) to the production zone or gas is injected *Corresponding author. E-mail: shingasco@gmail.com.
Author(s) agree that this article remain permanently open access under the terms of the Creative Commons Attribution License 4.0 International License to the gas cap to push the oil towards production well. The limit of the secondary recovery is reached when the volume of the injected fluid (water or gas) become excess in the produced fluid, thereby overloading the production facilities and making oil production uneconomical. Many pieces of research have been carried out on how to increase oil recovery after the secondary recovery is no longer economical. Those methods employed to improve oil recovery after the secondary recovery is referred to as enhanced oil recovery methods or tertiary oil recovery methods. Generally, accepted enhanced oil recovery methods by exploration and production companies are chemical flooding, thermal method and miscible gas method. The choice for each of the methods depends on the: reservoir rock characteristics, reservoir fluid properties and economic consideration. Each of the above-mentioned enhanced oil recovery methods has some challenges and limitations which led to the invention of many recovery methods that can mitigate those challenges. The following are some new approaches to enhance oil recovery:
(i) Microbial enhanced oil recovery (ii) Nanoparticles enhanced oil recovery (iii) High-frequency waves (iv) In-situ reservoir electric heating (v) Vapour extraction VAPEX etc.
There are research works on the application of ultrasound energy to enhance oil recovery. These works include; laboratory experiments, field test and very few software simulations. Erfan et al. (2011) conducted an experiment to check the effect of ultrasonic waves in enhancing oil recovery during waterflooding. During the experiment, kerosene and vaseline were used as the non-wetting phases in the experiment. And an unconsolidated sand pack was used as the porous media. At the end of the experiment, 16% oil recovery increment was observed. The mechanisms that caused the increment in oil recovery were identified as viscosity reduction and emulsification.
Laboratory experiment
An ultrasonic stimulation and waterflooding experiment were conducted by Mohammadian et al. (2013) on an unconsolidated sand pack, where the non-wetting phase used in the system were; engine oil, kerosene, and vaseline. In this, up to 16% oil recovery was observed. The mechanisms that contributed to the increase in recovery were identified as; cavitation and emulsification. Alhomadhi et al. (2014) carried out a laboratory experiment on reservoir rock core samples to investigate the ability of ultrasound waves to improve oil production ( Figure 1 ). The ultrasound wave was applied to the core samples after performing initial waterflooding. The experiment was conducted at original oil in place and at residual oil saturation. The results of this work show that; oil recovery factor is more favourable in the case of residual oil saturation than the case of original oil in place.
An experiment was carried out by Delong et al. (2014) on the application of ultrasonic wave to reduce the viscosity of ultra heavy crude oil in water. Fengcheng and Venezuela ultra heavy crude oil (UHCO) were used in the experiment, and the viscosity reduction resulting from the ultrasound wave effect was found to be more than 25%. Mohammed and Mahmoud (2015) developed a model for using ultrasonic waves to enhance oil recovery in oil field reservoirs. The model is modular and comprises an acoustic and heat transfer modules ( Figure 2 ). The model considers both the geophysical and acoustic properties of a well. Ultrasonic waves of 20 kHz frequency and output power of 350 W were used in the experiment. About 82% oil recovery was observed from the experiment. Abramova et al. (2014) designed and developed downhole equipment for ultrasonic oil production enhancement. The equipment includes a sonotrode PSMS-42 and a geophysical data (temperature, pressure and flow) registrator. Field tests were carried out using the developed ultrasonic downhole tool PSMS-42. The results obtained from the tests show a good efficiency of the proposed technology. About 90% of this method was achieved and 40 -100% oil recovery was observed ( Figure 3 ).
Field test
According to Mullakaev et al. (2015) , after ultrasound stimulation was conducted on three wells, an average increase of 32.6 barrels of oil per day was observed, and the effect of the treatment on oil production was about six months. During the treatment, fluid was injected to aid wave propagation ( Figure 4 ) for equipment arrangement at the wellhead. Field tests on ultrasonic treatment were conducted at Samara Region (SR) and Western Siberia (WS). According to Mullakaev et al. (2015) , more than 100 operations were carried out for the period between 2010 to 2012, and the average production rate increase that was observed after the start of the operation was 10.2 tons for Samara Region and 4.4 tons for Western Siberia. Several field tests have also been carried out with the application of ultrasonic waves to oil fields for improved oil recovery and the results were positive in Texas, Siberia and California (Naderi and Babadagli, 2010) .
Software simulation
Software simulation was also carried out by Mohammed Ultrasonic field 8) Perforated zone 9) Sucker rod pump 10) Downhole tool power cable (Mullakaev et al., 2015) .
and Mahmoud (2015) for comparison between experimental results and that of the software and to validate the results of their experiment. The numerical simulation was performed using finite element-based method. Darcy flow model coupled with acoustic pressure in COMSOL multiphysics has been used to evaluate the pressure and temperature distribution in the target medium when exposed to ultrasound waves. Figures 5 and 6 show the pressure and temperature distribution respectively.
A lead-in to the simulation toolbox (MRST)
Software modelling and simulation provide a solution to real life problems easily and efficiently; software simulation is more flexible and faster than real life or practical experiment; moreover, it is cheaper and safer. However, it is imperative to validate simulation results with a practical experiment or field test which appeared to be more natural.
MATLAB reservoir simulation toolbox (MRST) is an open source reservoir simulator developed by SINTEF Applied Mathematics as a MATLAB toolbox, but it is not primarily a simulator. MRST consists of two sections: a core offering basic functionality and some single and twophase solvers, along with a set of add-on modules offering more advanced models, viewers and solvers (Knut-Andreas, 2016) . MRST provides large sets of data structures and a wide range of computational methods Mohammed and Mahmoud (2015) . that can easily be used to develop customized modelling and simulation tools.
Availability of commercial or open source software that can be used to simulate the application of ultrasound energy to improve oil recovery is challenging. This research paper is aimed at modelling a reservoir and simulating the effect of applying ultrasound energy on reservoir performance using MRST. Black-oil, two-phase (oil-water) system and ultrasound energy were modelled and simulated using the MRST package.
METHODOLOGY
The approach to this work is the development of numerical simulator using MATLAB Reservoir Simulator Toolbox (MRST). The MRST was modified to suit the objectives of the work. The following are the step by step procedure that was followed to build the simulator (Figure 7) .
Geological model and grid
In order to model the heterogeneity of the reservoir, a geostatistical method was used to make realizations of porosity and permeability. The porosity ( ) data were generated using Gaussian field distribution as shown in Figure 8 . The permeability (k) data were generated using Carman-Kozeny relation (Dvorkin, 2009 ).
(1)
Where: A v is the specific surface area, that is, (the internal surface area per unit volume of any porous media) and is the tortuosity. Figure 9 shows the permeability distribution.
Cartesian grid blocks in 3D cubic domain was used for easy discretization of flow equations.
Well models
Single production well was modelled and vertically positioned at the centre of the grid block (reservoir) as shown in Figure 9 .
Compressibility model
Rock compressibility (c r ) describes the relationship between the porosity and pressure (p) as shown in Equation 2.
(2) And the fluid compressibility relates the density (⍴) and pressure of the fluid as shown in Equation 3.
(3)
The total compressibility (c t ) = c r + c f 
Flow equations model
The first integral sums up the change in mass per second in the volume O, the second integral accounts for boundary flow and interlocks mass transfer through the boundary, and the right-hand side accounts for fluid source or sink. Using the Gauss divergence 
where: = density of fluid phase, = rock porosity, S = fluid saturation, = phase mobility, = pressure gradient, = specific gravity, = vertical depth.
Black oil two phase (oil-water) model
For two phase oil-water system, the conservation equation in 5 was used to model the general pressure equation after substituting the wetting (W) and non-wetting (O) phases pressure and saturation equations is given by Equation 6.
where: assuming zero change in porosity with time.
Solution strategy
For the scope of this work, finite volume method was used to discretize the accumulation terms (A&B) in equation 6 temporal in time and the flux terms were approximated using two-point flux approximation scheme (TPFA). The coupled scheme can be solved for p w explicitly.
Where p c in Equation 8 can be obtained from the Van Ganuchten capillary pressure (Christine, 2013) shown in Equation 9.
Using tailor's series, equation 9 can be written as;
Where:
S e is the effective saturation, S r residual saturation and n Van Ganuchten parameter. At each time step, the capillary pressure has a single value averaged across the entire reservoir.
Two-point flux approximation scheme
For advective/horizontal flow, we assume two active flux boundaries between cells in the global grid as shown in Figure 11 . Flux is given by the vector integral in Equation 13.
(13)
After substitutions and expansions, the flux approximations for oil and water for the flux terms in Equation 6 are shown in Equations 15 and 16:
Oil:
Water: 
Making subject of formula, Equation 17 changed to 18 which is the general water pressure solution for the two phase (oil-water) black oil model.
After finding the values of water pressure (p w ) at different time levels, the initial oil pressure can be computed from Equation 19:
Energy equations model
Assuming only a single-phase oil energy equation that is, the oil and rock neglecting connate water saturation heat. Due to the luid fluxes through the control volume and through the boundary surfaces (S) where some uantity can be conserved in the volume O see figure 10 . 
[ − ] darcy velocity
The general energy conservation is given by Equation 21.
Where: = porosity, = density, = fluid energy density, = rock energy density, = enthalphy, = heat conduction coefficient.
The constitutive relationships for pressure and temperature dependent density and viscosity are shown in Equations 24 and 25 respectively:
The following equations (26 and 27) are the residual pressure and energy equations for oil in MRST
Ultrasonic output power
The average output power generated by ultrasound is given by Equation 28 (Aarts et al., 1999) :
Where: W = average transducer output power, f = ultrasound frequency, L = distance between transducer and the porous media, = density and viscosity of the medium, | − | = amplitude of acoustic excess pressure.
The ultrasound power equation (Equation 28) was used to know how the reservoir fluid properties, waves frequency and the location of the sound source affects the power intensity of the ultrasound waves. However, the ultrasound powers used in the simulation runs were selected arbitrarily to represent the power that will be generated from the ultrasound generating system.
Pore wall deformation from ultrasound energy
It is assumed that the pore walls will be deformed due to stress Hassan et al. 91 Figure 12 . Pore wall deformation caused by ultrasound energy (Aarts et al., 1999) .
exerted on the walls by ultrasonic energy irradiation. Figure 12 shows the pore wall deformation. The stress created by ultrasound energy is given by Equation 28.
Where: , = final and initial stresses = angular frequency ) = phase shift (29)
The reservoir rock is assumed to be slightly elastic, therefore the corresponding strain is given in Equation 31.
(31) (32)
Attenuation of ultrasound energy
The attenuation of acoustic pressure as a function of propagation distance is shown in Equation 33 (Chen and Holm, 2003) .
Where: = acoustic pressure = propagation distance = attenuation coefficient, angular frequency
Simulation process
The set of data used for the simulation process are presented in Table 1 .
RESULTS
The simulation was initially carried out without ultrasound energy, Figure 13 shows how the reservoir oil flow rate declines with time when no external energy was applied to the reservoir. Decline in pressure regime (minimum, average and maximum) with time is shown in Figure 14 . energy was applied. Continuous drop in reservoir temperature with time for the three expansion processes (Joule-Thomson, linearized adiabatic and free expansion) were observed when external energy was not applied to the reservoir as shown in Figure 15 . After ultrasound energy was applied to the reservoir an improvement in reservoir fluid flow rate, pressure and temperature was observed and these consequently led to improve oil recovery. However, the following factors affect the efficiency of the ultrasound energy: The above-mentioned factors that affect the efficiency of the ultrasound energy with regards to improving oil recovery can be addressed by increasing the ultrasound power intensity.
Propagation distance/Reservoir coverage
The reservoir fluid flow rate, pressure and temperature improved when ultrasound energy of 5 kW output power was introduced into the reservoir. The ultrasound waves propagation distance (reservoir coverage) was set at 15 m. Figures 16, 18 , and 20 shows the reservoir fluid flow rate, pressure and temperature respectively at 5 kW ture with time for the three expansion processes (Jouleexpansion) were observed when external energy was not ure 15. ultrasound output power intensity and 15 m propagation distance. But when the propagation distance was increased to 30 m, the reservoir fluid flow rate, pressure and temperature reduced, (Figures 17, 19 and 21) respectively. This reduction is as a result of the attenuation of the ultrasound energy with distance. Example, the flow rate at 15 m propagation distance for the first hundred days is 640 m 3 /day ( Figure 16 ) while at 30 m distance the flow rate is 545 m 3 /day as shown in Figure 17 . The results in Figures 18 and 19 show a decrease in reservoir pressure with time at a propagation distance of 15 and 30 m respectively. The average reservoir pressure at 15 m propagation distance for the first hundred days is 220 bara (Figure 18 ) while at 30 m distance the pressure is 207 bara as shown in Figure 19 . The plots in figures 20 and 21 show a decrease in reservoir temperature with time when the propagation distance was increased from 15 m to 30 m respectively. The results in Figures 20 and 21 show a decrease in reservoir temperature for all the three expansion temperatures (Joule-Thomson, linearized adiabatic and free expansion) with time when the propagation distance is increased from 15 to 30 m. At the 15 m distance the average temperature is 324 K while at the 30 m distance it is 306 K.
Reservoir rock properties (porosity and permeability)
The rate of absorption and propagation velocity of ultrasound waves in any medium increases with a decrease in the density of the medium; in other words, the rate of sound waves absorption in a medium is inversely proportional to the density of the medium. Obviously, increasing reservoir porosity and/or permeability will result in a decrease in reservoir rock bulk density. Results obtained from the simulation runs show that flowrates drop when the porosity distribution values were increased from 0.18-0.20 to 0.21-0.31 to 0.22-0.35 as shown in Figures 22, 23 and 24 respectively. The reservoir pressure also decreases with an increase in the values of porosity distributions, Figures 26, 27 and 28.
When ultrasound energy is absorbed by a medium, the sound energy is converted into heat energy. Results obtained from the simulation runs show a slight increase The reservoir pressure also decreases with an increas figures 26, 27 and 28.
Pressure, bara
The reservoir pressure also decreases with an increase in the values of porosity distributions, see figures 26, 27 and 28. in reservoir temperature when porosity values were increased as depicted in Figures 29, 30 and 31. From Figures 29, 30 and 31 the temperature rise with time for the first hundred days are 325 K, 332 K and 333 K respectively. Usually, permeability increases with porosity. However, some factors such as; tortuosity and specific surface area have little effect on the internal consistency of the porosity-permeability relationship. In this research work, the Carman-Kozeny equation was used to model permeability from porosity which shows a direct relationship. Therefore, the effect of permeability on ultrasound performance is nearly similar to that of porosity. Moreover, in this research work, homogeneous anisotropic permeability tensor (kx, ky and kz) was tested and similar a trend with the Carman-Kozeny permeability was observed.
Output power intensity
The intensity of an ultrasound beam at any point in a medium is the amount of energy exerted on the particles of the medium making them vibrate. The particles of the medium then possess energy by virtue of their oscillatory motion. The ultrasound power is the intensity per unit area. The plots in Figures 32, 33 and 34 increasing the ultrasound power intensity from 5 kW to 6 kW and to 7 kW caused an increase in the reservoir fluid flowrates. At the first hundred days of the ultrasound stimulation, flowrates of 630, 720 and 750 m 3 /day were obtained for the 5, 6 and 7 kW respectively. The average reservoir pressure at day hundred also increases from 220 250 bara and to 290 bara for the 5, 6 and 7 kW power as shown in Figures 35, 36 and 37 respectively. The average reservoir temperature for the three expansion processes shows an increment with ultrasound power. From the plots in Figures 38, 39 and 40 the average temperature increases from 325 K at 5 kW to 335 K at 6 kW and then to 342 K at the 7 kW respectively. power. The reservoir temperature also increases with time when the ultrasound power is increased. Figures 38,  39 and 40 show the results for the three expansion processes. Figure 41 shows the reservoir pressure distribution with the effect of ultrasound energy.
Effects of induced stress on the rock pore throat by ultrasound energy
The stress exerted on the pore walls of the reservoir rock by the ultrasound energy may have effects on the rock compressive strength. This can result in deformation of the pore throat or may even lead to grain slippage or fracture if excessive ultrasound power intensity is applied. 
Conclusion
Ultrasound waves energy can be used to simulate oil production from a reservoir. In other words, it can be applied as a means of improving oil recovery. Before carrying out ultrasonic oil recovery project, it is imperative to perform some preliminary studies. These studies include; software simulation, laboratory experiment and field pilot test. Software simulation should be the initial ultrasound power. From the plots in figures 38, 39 and 40 the average temperature increases from 325 K at 5 kW to 335 K at 6 kW and then to 342 K at the 7 kW power. ultrasound power. From the plots in figures 38, 39 and 40 the average temperature increases from 325 K at 5 kW to 335 K at 6 kW and then to 342 K at the 7 kW power. stage of the ultrasound project due to the fact that it is faster, cheaper, less risk and more flexible than laboratory experiment and pilot test and will also provide insight and a quick view of the ultrasound energy effect on any given reservoir. In this research work, MRST has been demonstrated to be an effective tool for simulating the application of ultrasound technology on improving oil recovery. The following were observed after simulation runs:
(i) Propagation distance affects the performance of the ultrasound waves. This effect can be compensated by increasing the ultrasound power intensity.
(ii) Higher porosity and permeability values also affect the performance of the ultrasound process. This effect is also compensated by increasing the ultrasound power intensity.
(iii) Ultrasound energy can increase reservoir rock compressive and tensile stress. Therefore, care has to be taken to avoid exerting excessive stress on the rock from applying high power intensity. 
